Abstract. We present an ongoing experiment where high power, sub-picosecond 10 µm laser pulses will be produced at 1 Hz. To achieve this 3 ps pulses of a 2 GW CO 2 laser were broadened via self-phase modulation in GaAs and compressed in a dispersive element. Temporal and spectral data are presented which demonstrate the possibility of compression by more than a factor of 3.
INTRODUCTION
There is considerable interest in the generation of long wavelength (λ ~ 10µm), high power radiation for a wide range of applications in high field physics and advanced particle acceleration. In the latter, TW-class 10 µm laser pulses have been applied for accelerating monoenergetic protons from a H 2 plasma [1, 2] . Here the advantage of using 10 µm light is the ability to use gas targets since the critical plasma density of 10 19 cm -3 is easily achievable. High power, sub-picosecond 10 µm pulses further open the opportunity to study laser wakefield acceleration of electrons. Here it has been predicted that, in the nonlinear regime, more than a nanocoulomb of charge may be accelerated due to the scaling of the bubble size with the laser wavelength [3] . Finally, there is interest in the generation of keV x-rays by high harmonic generation (HHG) driven by mid-IR pulses since the maximum energy of the x-ray photon scales as λ 2 [4] . Although the picosecond pulses currently available from high power CO 2 laser systems [5, 6] are sufficient for laser driven ion acceleration (LDIA), both laser wakefield acceleration and x-ray generation via HHG require sub-picosecond pulses, laser pulses which exceed the ~ 1 THz bandwidth limitation of the CO 2 molecule.
One method to overcome the bandwidth limitation of the CO 2 active medium is to broaden the bandwidth of available picosecond pulses via self-phase modulation after final amplification. Indeed, the Kerr effect has been used in the near-IR (λ ~ 1 µm) to recover bandwidth lost during regenerative amplification [7] or to produce few cycle pulses. Typically researchers use gas-filled hollow waveguides as the nonlinear medium. Although gases have a small nonlinearity, the combination of high fields (10 13 -10 14 W/cm 2 ) and a relatively long interaction length allows for significant spectral broadening [7] . In this paper we present studies of self-phase modulation of 10 µm radiation in GaAs. This material was chosen because it is transparent at 10 µm, exhibits very high nonlinearity, approximately 1000x that of fused silica, and is commercially available in large sizes. Unlike materials used in the near-IR, GaAs has negative group velocity dispersion (GVD) at 10 µm. This fact is problematic since negative GVD causes self-compression of pulses broadened via SPM. Finally, it should be mentioned that, although there has been numerical studies of self-phase modulation of high power 10 µm pulses in noble gas-filled waveguides and bulk solids [8, 9] , none of these schemes have been demonstrated experimentally.
Here we present an experiment where 2 GW, ~ 3 picosecond pulses from a high repetition rate CO 2 laser system were compressed in principle by more than a factor of 3. The pulses were broadened in a GaAs crystal and were subsequently compressed in bulk NaCl, a material with negative GVD at 10 µm. Numerical simulations of nonlinear optical propagation are presented which demonstrate the possibility of generating high power, 500 fs pulses using this scheme.
AMPLIFICATION OF PICOSECOND PULSES IN CO 2 LASERS
The main limitation in the amplification of short pulses in a CO 2 medium is the relatively narrow bandwidth of the gain spectrum. Figure 1a depicts a simulated gain spectrum of a CO 2 laser at 1 atmosphere (atm) of pressure, for which industrial TEA CO 2 lasers operate. As can be seen in Fig. 1a , the entire 10P vibrational branch is composed of individual rotational lines with a bandwidth of ~ 3.5 GHz/atm. At 1 atm of pressure (see Fig. 1a ) the shortest pulse which can be amplified without gain narrowing is 3 ns [10] . One method to increase the bandwidth of these lines is to increase the pressure of the active medium. Figure 1b and 1c show simulated CO 2 gain spectra at 10 and 25 atm of pressure, respectively. At high pressures, overlapping of individual rotational lines makes ~ 1.2 THz of bandwidth available for amplification. Although the spectrum at 15 atm of pressure is ideal for the amplification of picosecond pulses, problems of discharge stability limit the pressure of large aperture amplifiers to ≤ 10 atm. The seeding of a picosecond pulse into the gain spectrum of Fig. 2b with residual modulation results in the amplification of a pulse train in the time domain. Figure 2 shows a simulated laser pulse train produced after amplification in the gain spectrum plotted in Fig. 1b . As can be seen in Fig. 2 this pulse train is comprised of 3 ps pulses separated by 18.5 ps, a time constant related to the 55 GHz modulation in the gain spectrum. It should be mentioned that the incorporation of isotopic CO 2 O 2 ) can be used to amplify a single, few ps pulse from a 10 atm amplifier [6] . FIGURE 2. Simulated CO 2 laser pulse train after amplification of a 1 ps pulse in a 10 atm CO 2 amplifier.
Once a high intensity of ≥10 10 W/cm 2 is achieved during the amplification process, an effect known as field broadening can be utilized to broaden the lasing transition. In analogy with the Stark effect, the strong field of the laser pulse causes the energy levels of the amplifier to shift up and down that, in turn, increases the bandwidth of the lasing transition. This effect was used to demonstrate the amplification of 3 ps pulses in a 1 atm CO 2 laser amplifier [11] .
20 GW, 3 PS, HIGH REPETITION RATE CO 2 LASER SYSTEM AT THE NEPTUNE LABORATORY
The UCLA high repetition rate CO 2 laser system, described elsewhere [11] , relies on both pressure and field broadening to amplify picosecond 10 µm laser pulses. The CO 2 master oscillator power amplifier (MOPA) chain, therefore, works in two stages. The first stage amplifies a nJ seed to mJ energies where two 8 atm amplifiers are used to sustain the bandwidth for picosecond pulse amplification. The second stage amplfies the laser pulse from tens of mJ to hundreds of mJ in a 1 atm, TEA CO 2 laser where field broadening is the dominant mechanism to sustain the picosecond bandwidth. This strategy has been applied to generate, 20 GW (60 mJ, 3 ps) CO 2 laser pulses. Figure 3 is a streak camera measurement of the output of this system, upconverted to the visible range [12] . Similar to the simulated pulse train of Fig. 2 , the temporal structure consists of 3 ps pulses separated by 18.5 ps. While this system has been used for novel nonlinear optics experiments at 10 µm [13] , the power of the system must be increased in order to reach the 0.1 -1 TW powers required to study advanced acceleration schemes at a high repetition rate.
SIMULATIONS OF SELF-PHASE MODULATION AND PULSE COMPRESSION
In order to study the propagation of intense 10 µm picosecond pulses in GaAs and NaCl, we have numerically solved the one dimensional, generalized nonlinear Schrödinger equation [14] . We have used a model that includes stochastic noise, Raman scattering, optical shock formation and higher order dispersion. Further, we have used an input pulse train with a peak intensity of approximately 20 GW/cm 2 and a temporal profile very similar to that measured (see Fig. 3 ). The simulation includes two steps, in the first step the pulses are spectrally broadened in a 6 cm long, GaAs crystal. In the second step the broadened pulses are compressed in 12 cm of NaCl. Figure 4a depicts the simulated spectrum before and after the nonlinear medium. After the 6 cm GaAs crystal the pulse train's bandwidth has increased considerably yet still retains the initial 55 GHz modulation. Figure 4b shows the temporal pulse profile before (green) and after (blue) the 12 cm long NaCl crystal used as a pulse compressor. As can be seen in Fig. 4b after ~ 12 cm of NaCl the most intense pulses in the pulse train have been compressed down to 500 fs, approximately 17 cycles of the optical field.
STATUS OF THE EXPERIMENT
At present we are studying the broadening and compression of 2 GW CO 2 laser pulse trains in 21 mm of AR coated GaAs. Figure 5 is an illustration of our experimental set-up. Here the 7 mm thick, 50 by 50 mm GaAs window is on a translational stage so that we can easily switch between single, double and triple pass configurations. Before entering the crystal the pulses are stretched in a grating based stretcher. This stretcher is able to stretch the pulses anywhere from 3 -100 ps and is used to suppress the self-compression of the laser pulses in the GaAs crystal. A 4 mm diameter collimated beam is used in order to maintain an intensity of 10 10 W/cm 2 inside of the crystal. After the laser pulses are spectrally broadened in the nonlinear medium the pulses are sent through 76 mm of NaCl for compression. We measure the spectrum of the pulses by sending the output radiation through a scanning monochromator. The temporal measurements are performed by translating the temporal information from the CO 2 pump to a 658 nm diode probe. In this measurement the infrared pump and diode probe, polarized at 45 0 from one another, are collinearly propagated through a CS 2 cell. This CS 2 Kerr modulator, when placed between two crossed polarizers, transcribes the temporal information from the CO 2 beam onto the diode laser. The latter was measured using a streak camera.
FIGURE 4.
Experimental set-up to study broadening via SPM in GaAs and subsequent pulse compression in NaCl.
In our first experiment we have stretched the 2 GW CO 2 pulses to ~ 6 ps and propagated them through 21 mm of GaAs. It should be noted that, without stretching the pulses, we risk self-compression and eventual pulse break-up via modulational instability [13] . After the 21 mm of GaAs we observe an increase of the laser pulse's bandwidth from ~ 50 nm to 150 nm, FWHM. After the NaCl pulse compressor we expect pulse compression by more than a factor of 3, from ~ 3.5 ps down to ~1-2 ps. Unfortunately, the temporal resolution of the streak camera used for the measurement described above is limited to ~ 1.5 ps. We are currently implementing a mid-IR auto-correlator so that we can characterize sub-picosecond pulses. Future work will be focused on scaling this interaction in order to produce 50 mJ, 500 fs pulses at a high repetition rate.
CONCLUSIONS
There are numerous applications that would benefit from a high power source of ultrafast, long wavelength pulses. Here we have shown the possibility to realize such a source at 10 µm by the spectral broadening and temporal compression of high power, picosecond pulses available from a high power CO 2 laser system. Initial work has demonstrated the possibility of pulse compression by a factor of 3 and simulations indicate that pulse widths of ~ 500 fs should be attainable by optimizing this technique. Such a source can be applied for the first experiments in 10 µm driven laser wakefield acceleration or high harmonic generation.
